WSi, thin films deposited on InP substrates have been investigated for possible use as refractory ohmic contact materials for self-aligned laser devices. The films have been rf diode sputtered using various Ar gas pressures from a single commercial target composed of W and Si with an atomic ratio of 1:l. Following the deposition, the WSiJInP samples were rapid thermal processed using a rapid thermal metalorganic chemical vapor deposition system in a controlled low-pressure ambient of NsH, (9:l) and tertiarybutylphosphine. The as-deposited films ( -100 nm thick) were amorphous but crystallized iI? the temperature range of 600-650 "C. The WSi, phase forms first at 600 "C and then the W,Si3 nucleate with further heating at 650 "C. As a result of the crystallization, a reduction in the specific contact resistance to a value of 7.5 x 10 -6 0, cm* and a decrease in the sheet resistance to values lower than 2 n/Cl were observed. In addition, a significant reduction in the internal stress and an improvement in the WSi,-to-InP adhesion were found, demonstrating the potential of WSi, as a contact material for InP-based self-aligned devices.
INTRODUCTION
In an attempt to replace the conventional Au-based contacts, tungsten silicides have been studied extensively in recent years as a potential contact material for III-V-based advanced electronic and photonic devices. One of the most attractive applications of the WSi, metallization is as a Schottky gate or a nonalloyed ohmic contact for selfaligned GaAs heterojunction bipolar transistor (HBT), metal-semiconductor field effect transistor (MESFET) and HFET devices. '-' In the FET devices, the gate metal serves as a mask during the N + ion implantation into the source and drain regions. Processing of these devices involves a high-temperature annealing step, typically in the temperature range of 800-850 "C for 10-20 min in a furnace, or 900 "C for 10-20 s by rapid thermal annealing (RTA). Thus, the major requirement for the self-aligned gate metallization is to form a reproducible Schottky contact which is stable through annealing. In addition, the carrier concentration in the channel under the gate, which determines the device threshold voltage, should not be altered by the metal-GaAs interaction.
Other W alloys, such as GeWSi,, WN, WSiN, WTiN, and PtWAg,&-" have also been used as metallizations for self-aligned devices involving GaAs and Inc,3Gae4,As.3*12
The use of W and W alloys for fabricating ohmic contacts to InP-based materials and devices offers even more advantages because of the more reactive nature of InP. The viability of W metallizations for self-aligned laser devices has been reported elsewhere.'*-i4 The terminology of InPbased self-aligned devices differs from that of GaAs-based devices and refers to an etched mesa laser structure, in which the metal ohmic contact is deposited at an early stage of the laser processing and is used as a selective mask for both the semiconductor etching and the subsequent regrowth process. Thus, from the metallurgical point of view, the metal of choice has to be etchable, but yet inert to the semiconductor etching solutions. Furthermore, the metal should prohibit semiconductor growth on top of it, possess high stability against thermal cycling at temperatures of at least 650 "C, adhere to'the InP-based underlayers, have low stress as deposited and through the thermal cycle, and perform as a good electrical ohmic contact.
In contrast to GaAs self-aligned technology, W-based metallizations for InP-based devices are not used as a diffusion barrier, in which case there is no preference to having either amorphous or polycrystalline films, due to the lower diffusion coefficients of impurities in the latter.i5-i7 Thus, for InP applications, the crystallization of the amorphous W-based f%lm is beneficial because of a reduction in the sheet resistance, a relief in the internal stress, and an improvement in the adhesion.
The purpose of the present work is to study the microstructure, film/substrate interactions, and mechanical properties of WSi, metallizations sputter deposited on InP. A rapid thermal metalorganic chemical vapor deposition (RT-MOCVD) reactor was used to drive thermal reac--tions at temperatures up to 750 "C! under a clean, lowpressure ambient of both N2:H2 and tertiarybutylphosphine (TBP) .
II. EXPERIMENT
Experiments were performed using (loo} semi-insulating (SI) Fe-doped InP substrates having resistivity greater than lo6 Sz cm. Tungsten silicide films ( -100 MI thick) were rf sputtered from a planar, g-in. diam, WSi target at variable Ar gas pressures ranging from 5 to 20 mTorr and at constant power of 1 kW. n +-InP (S doped, 5 X 10" cm -3) layers (0.5 pm thick) were grown by metalorganic chemical vapor deposition (MOCVD) onto Fe-doped InP substrates.
For the electrical measurements that use the transmission line method (TLM) ,I* the metal films were deposited onto linearly spaced (with intervals of 10-50 pm) square openings (200~200 pm') that were wet-etched through a plasma-deposited Si02 layer (300 nm thick). Subsequently, semiconductor mesas were wet etched to give the required one-dimensional current flow.
The structures were rapid thermal processed (RTP) in either N2:H2 (9:l) or tertiarybutylphosphine (TBP) ambients at a pressure of l-10 mTorr and at gas flow rates of 50-100 seem. This process was achieved by injecting the gases into the RT-CVD 800TM system chamber, which was prepumped to a background pressure of 5 x 10 -6 Torr. A schematic representation of the system is given in Fig. 1 and a detailed description of the RT-CVD system is presented elsewhere.i9 Heat treatments were conducted in the temperature range of 300-750 "C for 10-30 s.
Several analytical techniques were used to characterize the WSiJInP structures. The contact morphology was studied by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), in both crosssectional and plan-view modes. Auger electron spectroscopy (AES) with sputter depth profiling was done using a PHI-590 AES system to define the metal-semiconductor interactions and the compound formation. All the atomic elements involved in interdiffusion were analyzed by secondary ion mass spectrometry (SIMS). The SIMS analysis was done on the CAMECA IMS-4F model using a Cs + primary beam and detecting negative secondary ions. Implants of C, 0, and Si in InP were also-analyzed to convert the secondary ions count rate of these elements into atomic concentration values in InP. For all other elements in InP, conversion factors from the literature were used. No conversion factors were, however, available for the WSi, matrix. The depth scale was calibrated by measuring the depth of the sputtered craters created by depth profiling. For some samples, an analysis was also done using an Op primary beam of 3 keV impact energy and detecting positive secondary ions.
In situ stress measurements were performed using the FleXus 2-300s thin-film stress measurement system. The substrates were measured for their initial curvatures prior to any deposition or heat treatment. The initial curvature was subtracted from all the subsequent curvature measure- ments of the corresponding wafers after each processing step. A detailed description of this technique has been given elsewhere.20 The WSi, layers were evaluated for dry etching performance, a process that is required as a preliminary stage for the self-aligned device technology. InP wafers .-with, full. area WSi, metallization were lithographically. patterned with AZ 1350 J photoresist prior to loading into a_ hybrid electron cyclotron resonance (ECR) radio-frequency (rf) dry etching system. In brief, this is a load-locked, robqtitally loaded system (Plasma-Therm SL 700) utilizing a 2.45GHz microwave excitation. source with additional rf bias superimposed at the sample position. Electron 'cyc10~. tron resonance is provided by a plasma source of the tuned cavity design; We investigated the etching of the WSi, films, in 10 CF,: i0 O,.mixtures (at a total flow rate of 29 seem). as a function of both pressure (l-15 mTorr). and micro-' wave power (0-25O;W) at fixed dc bias (59 V j. After the reactive~ ion etching (RIE) treatments,?the photoresist was removed in acetone and. the etch depth was meas-ured by' Dektak" stylus profilometry.
III. RESULTS AND DISCUSSION

A. Deposition parameters
In earlier work,5 it was found that the WSi0.45 films cosputtered. by a dc magnetron from separate W and Si. targets produced the optimum metallurgical and electrical properties among the variety of compositions of WSi,films (the atomic.-ratio of Si/W in the range .of. 0.19-1,76). Based on this work, we have chosen an rf sputter target composed of W and Si in the atomic ratio of 1: 1 to grow WSi layers on InP. The &in.-diam WSi target was maintained at constant. power (1 kW) for the various runs, while the Ar pressure in the chambers was varied from 5 tom 20 mTorr. Table I lists the as-deposited film properties (the W/Si ratio, a comparative measure of-the Ar/W ratio, the induced internal stress, sheet resistance, and C!F4:02 ECR etch rates) as a function of the Ar gas pressure during the deposition. These properties and their correlation are discussed elsewhere.21 In brief, one can see that by increasing the Ar pressure the W/Si ratio increases, the entrapped Ar .: concentration in the film decreases, the induced biaxial stress in the WSI film changes from highly compressive to highly tensile stresses, the ECR CF,,,, discharge-etch rates increa.ses, and the sheet resistance increases. aa well. ., These results .are fully compatible with previous published data22'23 and reflect the significant influence of the Ar pressure during sputtering on the deposited film quality. The origin of this phenomenon lies in the fact that an increase in the Ar pressure corresponds to a reduced mean free path, thus to a lowered average kinetic energy of the Ar ions and atoms bombarding the metal. target and the wafers surface during the film deposition. This leads to the formatiop of a less dense film. The impact of the reduced Ar. gas pressure on the silicon sputtered from the target is more pronounced than it is on the tungsten, due to the close atomic weight of silicon (28) and Ar (40), which suggests a major energy loss through elastic collisions between those two. Tungsten, however, is much heavier (184) and thus retains most of the energy as a result of collisions with Ar atoms.
Sintering parameters
Rapid thermal processing has already established a reputation as an alloying and sintering technique superior td conventional furnaces when-applied% III-V semiconductors. '4 The contact sintering and other heat treatments required at various stages in the processing sequence sometimes 'must be performed under a protective ambient. This constraint is required in order to protect the bare InP sub- Katz strate in the vicinity of the metal contact from decomposition during thermal cycling, which may be executed at temperatures well above that at which incongruent evaporation of the group-V species takes place. The resistivity of the as-deposited films was found to be a function of the W/Si composition due to the variation in the Ar gas pressure (see Table I ). The higher the Ar and the Si concentrations in the films, the higher was the resistivity, varying from 3 1 to 37 to 40 pLs1 cm (equal to the sheet resistance values of 28, 33, and 35 a/O for the mea- All of the WSi, sintering processes were carried out under either N,:H2 (9:l) inert ambient or TBP protective ambient by means of RTP using the newly invented A. G. Associates RT-CVD 800TM model. This high-vacuum equipment allows for executing the heat treatments under a high-purity gas ambient, which is injected into the chamber only after pumping it to high vacuum with a background pressure of 5 x 10 -6 Torr, and under toxic gases such as the TBP. -' Figure 2 shows a typical RT-MOCVD process parameter plot (temperature, mass flow controller response, and chamber pressure) as a function of the RTP duration. This chart is obtained in real time as a tracking procedure in the RT-CVD system and represents a sintering cycle of 700 "C! under 100% TBP ambient flow at a rate of 100 seem and at a pressure of about 10 mTorr in the chamber for 30 s. The sintering step is followed by a purging cycle under a N2 ambient during the sample cool-down step for -60 s. When sintering under N2:H2 (9: 1) ambient, the same temperature-pressure-time cycle took place.
C. Resistivity sured 90-nm-thick film), as the Ar pressure increased from 5 to 10 to 20 mTorr, respectively. Upon sintering the film, the resistivity slightly increased (lo.%-15%); exhibiting a maximum after RTP at 600 "C. For RTP at higher temperatures, an abrupt drop in the resistivity of all the films was observed. Resistivities of 10, 8, and 6 ,uQ cm were measured for the films that were deposited under Ar pressures of 20, 10, and 5 mTorr respectively, followed by RTP at 750 "C for 30 s (Fig. 3) . The existence of two very clear resistivity regions, significantly different from each other, for WSi, film sintered below and above 650 "C, suggests some major changes in the morphology of the film, shown later in this work to be associated with the crystallization of the amorphous films.
The above-mentioned results were obtained from the WSi, layers that were RTP treated under N2:H2 (9:l) ambient. Similar values were measured on the WSi, layers that were RTP at the same temperatures under TBP ambient. Figure 4 shows the TLM-derived contact resistivity [ Fig. 4(a) ] and the specific contact resistance [ Fig. 4(b) ] measurements of the WSi, contacts on 5 >< IO'* cm~m3 S-doped InP layers, as deposited and after rapid thermal processing (RTP) at different temperatures in a TBP ambient. It should be noted that changing the ambient to Nz:H2 (9: 1) did not alter the contact resistivity values. The plotted values were averages from 50 individual measurements with standard deviations of less than 35%. Heating the WSi,/n +-InP contacts by RTP to temperatures as high as 650 "C for 30 s resulted in the specific contact resistance by one order of magnitude; from a value of 9 x lo-'0 cm2 as deposited to about 7.5 X lo-6 a cm2 by RTP at 650 "C. Heating the samples to temperatures higher than 650 "C, on the other hand, led to an increase of the specific contact resistance. This increase may be attributed to both the morphological and microstructural changes and to the degradation of the metal-semiconductor interface.
D. Electrical measurements
E. Morphology and microstructure
The as-deposited WSi, films were amorphous with a porous structure, which increased with increasing the Ar gas pressure. The W/Si ratio increased slightly from 1.011 to 1.032 as the Ar pressure increased from 5 to 20 mTorr. An example of the EDAX profile of the WSi, deposited with 5 mTorr Ar gas pressure is shown in Fig. 5 .
Heating by RTP at various temperatures induced crystallization in the WSi, films. The crystallization temperature was independent of Ar gas pressure used for growing the films. Thus, for simplification, we will describe the results only from the WSi, films deposited in an Ar gas pressure of 5 mTorr. Figure 6 shows TEM plan-view micrographs and the corresponding selected area diffraction (SAD) patterns of the WSi,/InP samples as-deposited and after RTP at 550, 600, 650, 700, and 750 "C. From these micrographs, it is clear that the initially amorphous film started to crystallize at 600 "C. At 600 OC, the film is still partially crystalline, containing one randomly oriented, fine-grained WSi, phase surrounded by an amorphous matrix.
With further heating by RTP at 650 and 700-C, the WSi, phase continued to grow but an additional phase, large-grained W&s, has nucleated. Figures 7 (a) and 7 (b) provide the TEM camera constant and the SAD ring radius values that were used to identify the WSiZ and W,Si, phases, respectively.
The appearance of WSi, as the first phase to be formed through the crystallization of the WSi, amorphous layer can be understood in view of the thermodynamic data and the empirical rule that the first phase to be formed in a binary system is the one with the lowest eutectic temperature. The W-Si equilibrium phase diagram is given in Fig.  8 , showing the existence of two binary phases, the W,Si, and WSi,. The one that follows the above-mentioned rule is, indeed the WSi,.
F. Interfacial reactions and stability Figure 9 shows the TEM cross-sectional micrographs of the WSi.JInP samples that were RTP treated at 600 and 650 "C for 30 s in a N2:H2 (9:l) ambient. From these micrographs it is clear that while RTP at 600 "C did not cause any observable WSi,JInP interfacial degradation, RTP at 650 "C resulted in some decomposition of the InP substrate. This decomposition is reflected in the formation Fig. 9(b) ].
In order to verify that different ambients used by RTP did not cause any significantly different interfacial reactions, we performed TEM cross-sectional analysis of the WSiJInP samples after RTP in a TBP ambient. Figure 10 shows the resulting WSiJInP structures. after RTP at 600 "C [ Fig. 10(a) ] and 650 "C! [ Fig. 10(b) ]. In these two samples, there are no obvious reactions between the WSi, and InP, and the substrate interfacial voids appeared as a result of RTP at 650 "C!, indicating that the ambient introduced into the low-pressure RTP chamber did not affect the WSiJInP interfacial reaction. This result suggests that the WSi, is relatively inert to both N,:H2 and TBP and, therefore, did not allow for any significant indiffusion of elements from these gases.
G. Interdiffusion reactions
Interdiffusion and interfacial reaction in the WSiJInP structure were studied by means of AES and SIMS. These techniques generally confirmed the TEM observation regarding the inert nature of the metal-semiconductor interface, but indicated interdiffusion of the various elements as a result of RTP at temperatures of 600 "C and higher. Figure 11 shows the AES depth profiles of the In [ Fig.  11 structure, no change in pe& I%$-tions was detected after RTP at temperatures up to 500 "C r. However, there was an observable outdiffusion of In after RTP at 550 "C [see Fig. 11 (a) ]. Heat treatment at 600 "C led to further. and more significant diffusion of other elements as can be seen in the P [see Fig, , 11 (b) ] and W [see Fig. 11 (C) ] peak positions. RTP at 650 'C led to the indif: fusion of Si [see Fig. 11 (d) ] as well The above-mentioned interdifision trends became more pronounced after RTP at higher temperatures, i.e., up to 750 "C! where an extensive intermixing of the elements and 'degradation' of the contact structure occurred.
A similar interdiffusion behavior was earlier reported3k36 in the WSVGaAs system. It can be envisioned that the heat of formation of the initial WSi, and W5Si3 phases observed by TEM [see Figs 6(a) and lo] is higher than the heat of formation of the potential reaction products. Figure 12 shows AES spectra from the surface of the as-deposited and RTP-treated samples. Except for the observation of the usual. 0 and 'C contamination, the' most important result is that RTP at 650°C causes an extensive outdiffusion of the substrate elements (In and P) through the WSi, layer to the sample surface. WSiJInP samples after' RTP at 550, 600, and :65b "C un-* _. der 'N2 ambient for 16 s, and under TRP ambi&t for 10, 30, and 60 s. Itshould be mentioned that the depth profiles of the P,~-I,n~~A&, Q, C, and Si are given in-arbitrary scales, which are. consistent through all the figures and thus can be used only'& compara&e purposes and not for any.quantitatiir'e -analysis; Jhile RTP at 550 "C, rigardless of the heating duration and ambient, did not cause any observable element motion, RTP at higher temperature produced tensile stress value to about 2.5X lo9 dyn/cm2 after the sample was cooled back to room temperature.
No observable difference between the samples sintered at 550 and 600 "C in either a N2:H2 or TBP ambient was detected. However, RTP at 650 "C! indicated a difference in the P outdiffusion, which depends on the type'of ambient used for RTA; the outdiffusion of P through the WSi, is substantially reduced by introducing the TBP ambient.
H. Stress
In situ biaxial stress measurements through heating and cooling cycles were also taken for the WSiJInP samples (see Fig. 14) . Since no interdiffusion or phase formation was observed in these films upon heating to 500 "C, one can assume that the change in the film stress during the thermal cycles is attributed only to the variation of intrinsic film properties." The pronounced dependence of the as-deposited film stress on the Ar gas pressure used during the rf sputter deposition was observed, and is reflected in the large difference in the stress values, ranging from a compressive stress of 2 X 10" dyn/cm2 to almost no stress, and to a tensile stress of 2 X 10" dyn/cm2, upon increasing the Ar pressure from 5 to 10 and to 20 mTorr, respectively. By depositing various WSi, films onto GaAs substrates, under the exact same deposition conditions, and measuring in situ their stress-temperature behavior," the elastic parameters of the WSi, films were calculated. The expansion coefficients of the WSi, films were found to be 6.94 X 10B6,5.85 X 10w6, and 5.39 X lo-'%m-*, for the films that were deposited under Ar pressures of 5, 10, and 20 mTorr, respectively. The biaxial elastic moduli of these films were found to be 7.15X 1012, 2.43 x 1012, and 1.89 X 1012, respectively, and the temperature-dependent coefficients of thermal expansion were measured to be a=( WSi,,P,,= 5 mTorr) =4.88 x 10 -6 + 46.3 X 10 -9t -27.49 X 10 -13iL, ar(WSi,P,,= 10 mTorr) cr,(WSi,P,,= 10 mTorr) I. CF4:02 etching
The highly compressed and highly tensile films maintained their initial stress values through the thermal cycles. there was no measurable sputtering of the InP surface after etching through the WSi,, yielding an effectively infinite etch selectivity. The dependence of WSi, etch rate on applied microwave power at fixed pressure (5 mTorr) is shown in Fig. 16 . There is little enhancement of the etch rate until 150 W of microwave power is applied to increase the dissociation of the discharge. For powers above this level the etch rate increases rapidly as more active fluorine species are present in the plasma.
IV. SUMMARY AND CONCLUSIONS
Microstructural, mechanical, and electrical properties of WSi,/InP contacts were studied using various analytical techniques. The WSi, films -were rf diode sputtered at various Ar pressures, and subsequently sintered by low-pressure rapid thermal processing under N2:H2 (9; 1) and tertiarybutylphosphine ambients, by means of a RT-MOCVD system.
The influence of the Ar pressure during deposition and the sintering duration, temperatures, and ambients on the film properties were investigated.
These films were deposited in an amorphous form, regardless of the Ar pressure during deposition, and underwent an almost complete crystallization as a result of RTP in the temperature range of 600-650 "C. At the former temperature,' the WSi, phase was formed and was accompanied by the W,Si, 'phase upon heating to 650 "C. As a result of the crystallization and phase formation, an abrupt decrease of the film resistivity was observed. The crystallization was accompanied by interdiffusion of the metal layer and substrate elements, leading to a slight degradation of the interface, and increase in the contact resistivity. All these extensive changes took place mainly for RTP at temperatures of 650 "C or higher.
The WSiJInP contacts were found to be stable and performed with excellent structural and electrical properties up to temperatures of 650 "C, when rapid thermally processed under N2 or TBP ambients at pressures as low as 10 mTorr. The advantage of using the TBP ambient, which did not lead to any degradation in the metallization and contact performance, lies in the fact that it provides a protective ambient to the bare InP surface when it is subject to self-aligned technologies that require high-temperature annealing.
